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Abstract 
The three-dimensional (3D) reacting flow in a staged supersonic combustor is examined numerically. In order to obtain the 
optimum stream-wise vortices, a swept ramp injector is chosen as the second-stage wall injection combined with the first-stage 
central strut injection. The performance of the two-staged injection is compared with that of a one-staged injection, while the 
strut is kept installed in both cases. The two-staged injections can make full use of the residual oxygen near the wall and release 
more heat. The second-stage injection further downstream avoids the strong shock waves in the isolator and results in a rising 
wall pressure and good burning effects after the wall injection. Therefore, it allows more fuel to be injected into the supersonic 
combustor without causing thermal choking. Parallel injection from the second-stage swept ramp shows low total pressure loss 
and the best burning efficiency, compared with the other injection angles. 
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1. Introduction1 
A scramjet engine is expected to be used in future as 
an economic propulsion system for the hypersonic 
flight. For flight Mach number larger than 6-8, super-
sonic combustion is essential in order to decrease 
losses. Here it is very difficult to achieve an efficient 
mixing between air and fuel due to the extremely short 
residence time of the flow in the combustor.  
Different injection schemes, including the position 
and arrangement of injection as well as the shape of 
the injectors are studied for better mixing [1]. The in-
jection from a central strut causes lower total pressure 
loss than that from a wall [2]. However, many research-
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ers [3-5] pointed out that parallel or low-angle injection 
leads to poor performance of mixing and combustion if 
there is not any mixing enhancement technique. 
Therefore, the concept of stream-wise vortices was 
proposed to improve mixing efficiency. Sunami, et 
al. [6-8] made use of “alternative wedge strut” to gener-
ate such vortices. At the supersonic combustion test 
facility of the Institute of Aerospace Thermodynamics 
(ITLR) in Stuttgart University, a kind of lobed strut 
injector was developed quite a long time ago to induce 
stream-wise vortices [9-10]. Secondary flows are formed 
which rotate downstream of the trailing edge of the 
strut. The stream-wise vortices are almost free from 
compressibility effects in terms of their rotational mo-
tions in the cross section normal to the freestream di-
rection [6]. Therefore, the vortices grow rapidly in their 
diameter and entrainment. 
In the tests of the lobed strut, the combustion mode 
transition from weak combustion to strong combustion 
was observed with an increase of equivalence ratio [11]. 
Thermal choking or a shock train occurs when the 
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equivalence ratio increases further [12]. These phenol- 
mena cause strong combustor-inlet interactions, which 
result in a limit of the fuel flow rate and engine thrust. 
A stage injection allows more fuel to be burnt in a 
hydrogen-fueled supersonic combustor. With staged 
injection, the maximum thrust increment was aug-
mented by 100% when compared with first-stage in-
jection alone [13]. Tomioka, et al. [14] compared the per-
formance of two-staged wall injection with a first- 
stage strut/second-stage wall injection configuration. 
Multi-staged wall injections were found to be not 
suitable for staged combustion. The combination of a 
first-stage strut and a second-stage wall injection from 
holes has larger thrust increment than a two-staged 
wall injection. In order to achieve good mixing effects 
for the second-stage injection, we compared different 
second-stage injectors with the first-stage strut injec-
tion in the previous studies. It was found that a swept 
ramp injector has the strongest effects on stream-wise 
vortices and lower total pressure loss. This makes it a 
good option for the second-stage wall injection, com-
pared with wall-hole, back step ramp and alternating 
ramp injectors.  
In the present study, the swept ramp is chosen as the 
second-stage injector. The simulation for a combina-
tion of first-stage strut and second-stage wall injection 
from the swept ramp has been carried out. Different 
distances between the two stage injectors and different 
injection angles are compared to avoid the disturbance 
for the isolator caused by the addition of a second- 
stage injection.   
2. Governing Equation and Numerical Scheme 
For supersonic combustion, the following Farve- 
averaged Navier-Stokes, species and turbulent trans-
port equations in three-dimensional (3D) conservative 
form are needed to be solved 
v v v( ) ( ) ( )
t x y z
∂ − ∂ − ∂ −∂ + + + =∂ ∂ ∂ ∂
F F G G H HU S  (1) 
Here 
T[ ]iu v w E k Yρ ρ ρ ρ ρ ρ ρω ρ=U  (2) 
where U is the conservative variable vector. The vari-
ables used are the density ρ, the velocity components 
u, v, w, the total energy E, the turbulent variables k, 
ω =ε/k (k is the turbulent kinetic energy and ε is the 
dissipation rate) and Yi is the mass fraction of species i. 
F, G, H are inviscid flux vectors and Fv, Gv, Hv are 
viscous ones in x-, y-, z-directions, respectively. S is a 
source vector resulting from turbulence and combus-
tion and is expressed as 
[ ]T1 20 0 0 0 0 k NS S S S Sω= LS  
(3) 
For the closure of the momentum equation, a 
two-equation turbulent model, the shear stress trans-
port (SST) k-ω is employed. The combustion process 
is based on the chemical reaction with 9 species and 19 
steps developed by Jachimowski [15]. The software 
CFD++ [16], which has been extensively validated in 
supersonic combustor and hypersonic flows, is applied 
to the present simulations. The upwind fluxes for the 
Reynolds-averaged Navier-Stokes (RANS) equations 
are discretized by a Riemann solver. A second order 
total variation diminishing (TVD) algorithm based on 
a multi-dimensional interpolation framework is util-
ized for the viscous terms. A multi-grid approach and 
parallel computing are used to accelerate convergence. 
3. Geometry and Physical Model 
The symmetry plane of the scramjet combustor 
model is schematically shown in Fig. 1. It consists of a 
throat of Laval nozzle, a rectangular isolator of 
280 mm, a combustor of 381 mm and a nozzle of 
659.6 mm in length. The rectangular cross section has 
a constant width of 40 mm along the axial direction 
and h = 35.4 mm, the height at the isolator. The di-
verging angles of the combustor and nozzle are 1° and 
2°, respectively. In order to save memory, we only 
consider half of the width in the simulation because of 
the symmetry of the model. Hydrogen is injected into 
the scramjet from the first-stage strut and from the 
second-stage wall swept ramp. 
 
Fig. 1  Schematic geometry of scramjet combustor model. 
The first-stage central strut injector is located at 
421.43 mm far from the inlet. Fig. 2(a) shows the 3D 
view of the lobed strut. The lobed strut has a 2D 
wedge at the forepart and is followed by an alternative 
ramp structure. It can induce the counter-rotating 
stream-wise vortices. Hydrogen is injected from the 
horizontal slots at the trailing edge.  
The second-stage injector shown in Fig. 2(b) is a 
swept ramp mounted onto the wall. It is located around 
the beginning of the nozzle. Different cases for the 
various distances l  between the two stage injectors 
 
Fig. 2  Schematic view of two stage injectors considered. 
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will be compared. The width and pitch of each ramp 
are 5 mm and 7 mm, respectively. The optimum ramp 
angle α and swept angle β are 4° and 15.3° according 
to the previous study [15]. Hydrogen is injected from 
the slot of 2.7 mm in width and 0.5 mm in height. θ is 
the injection angle as shown in Fig. 2(b). 
The inflow conditions for the air at inlet are a total 
temperature of T =1 400 K and a total pressure of 
p0 = 4×105 Pa, which simulate flight Mach number of 
Ma = 5.0 and altitude of 30 km.The air flows at sonic 
speed in the throat inlet and is accelerated to Ma = 2.1 
in the isolator. Hydrogen is injected from both the strut 
and wall injector at sonic speed. The equivalence ratios 
for the first and second stage injectors are 0.28 and 
0.20, respectively. The back pressure is set to be 
96 000 Pa according to ambient experimental condi-
tions. The specific heat of mixture is a function of 
composition, i.e. cp=ΣYicpi, which is a mass fraction 
average of the pure species heat capacities. cpi is the 
specific heat at constant pressure for the ith species 
and is dependent on temperature. Viscosity and ther-
mal conductivity of mixture are determined by Suther-
land law and vary with the static temperature. Mass 
diffusivity is also a function of temperature and spe-
cies. No slip boundary conditions are used and stan-
dard wall function is applied to solving the velocity 
and temperature at the cell adjacent to wall. Turbulent 
Schmidt number is 0.7 and turbulent Prandtl number is 
0.9. All walls are defined as isothermal. The wall tem-
peratures for the channel, the strut injector and the wall 
injector are assumed to be 400 K, 600 K and 400 K, 
respectively. The assumption of the wall temperature is 
based on the experimental measurement. Hybrid un-
structured grids with 2 331 519 cells, including hexa-
hedron, tetrahedron, pyramids and triangle prisms, are 
generated. They are refined near all wall regions as 
well as in the main combustion zone. The value of 
dimensionless wall distance y+ near the wall is 4.7. The 
grid independence has been validated in Ref. [12]. 
4. Results and Discussion 
4.1. Comparison with experimental data 
Because experiments at ITLR have been carried out 
so far only for the scramjet model with a single stage 
strut injection [11], Fig. 3 shows numerical and experi- 
 
Fig. 3  Comparison of wall pressure distribution on top 
combustor wall. 
mental static wall pressure (pw) distributions on top 
combustor wall without a second-stage injection for 
the case of one stage at an equivalent ratio (phi) of 
0.28. All wall static pressure data are normalized by 
the total pressure at engine inlet. Symbol represents the 
experimental data for an equivalent ratio 0.28 and 
solid line represents the simulation results. The two 
vertical lines in Fig. 3 indicate the position of the 
leading and trailing edges of the central strut. 
The pressure firstly decreases because of the rising 
velocity caused by the divergent Laval nozzle. The 
very small pressure disturbances show no combus-
tor-inlet interaction in the isolator. It is obvious that 
strong combustion causes the pressure to strongly in-
crease. There is a difference above the center of strut. 
The turn between the forepart wedge and lobed strut 
results in an expansion wave. When the wave reaches 
the wall, there is an interaction between the expansion 
wave and the boundary layer. The wall functions used 
in the turbulent flow cannot accurately capture this 
interaction. It is also possible that the imperfect 
smooth transition of the turn in the experimental strut 
forms a stronger wave than the simulation case. The 
pressure at x>0.98 m increases again because of the 
over expansion in the nozzle caused by the higher back 
pressure. 
From the discussion above, it can be seen that a 
comparison with experimental data shows reasonable 
agreement with simulation. 
4.2. Two-staged injections for different distances be- 
tween two injectors 
Figs. 4-5 compare the temperature distribution in a 
symmetric plane and cross section x=0.738 m. The 
distance between two injectors is 131 mm. The cross 
section is located 100 mm downstream of the second 
stage injector’s trailing edge. For one-staged injection, 
high temperature regions after the strut injector con-
centrate on the central section of the combustor. It can 
be seen that a good stream-wise vortex structure re-
sults in a wide combustion region gradually along the 
axial direction. However, the combustion region above 
1 800 K only occupies one-third of the combustor height 
in the cross section x=0.738 m. For the two-staged injec-
tion, the combustion near the wall obviously widens the 
high temperature region, especially in the nozzle. It 
also causes a stronger central combustion downstream 
 
Fig. 4  Temperature in a symmetric plane. 
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Fig. 5  Temperature in a cross section x = 0.738 m. 
of the combustor than for the one-staged injection. The 
stream-wise vortices generated by the swept ramp re-
sult in a wider region of high-temperature near the wall. 
Fig. 6 shows the oxygen mass fraction for different 
cross sections at different axial positions. There are 16 
slices distributed evenly from the leading edge of the 
strut, x=0.421 m, to the end of channel, x=1.257 6 m. 
For the one-staged injection, oxygen is consumed only 
in the center of the channel. Air near the top and bot-
tom wall is not used for combustion, and it flows out 
directly. This is also the reason that the second-stage 
injection can be put in this region. For a two-staged 
injection, most of the oxygen is used up in the whole 
cross section. However, the consumption of oxygen 
across the height is asymmetric due to an asymmetry 
in the strut injector. The comparison illustrates that a 
two-staged injection can obtain a wider combustion 
region than a one-staged injection and makes full use 
of residual air. 
 
Fig. 6  Distribution of oxygen mass fraction. 
A comparison of performances between one-staged 
and two-staged injections is shown in Fig. 7. A total 
equivalent ratio of 0.48 for two stages consists of 0.28 
for the first stage and 0.2 for the second stage. From 
Fig. 7(a) it can be seen that the wall pressure increases 
with an increase in the equivalent ratio from 0.28 to 
0.48 for one stage. As observed in the previous ex-
perimental work [10-11] shock waves appear in the iso-
lator at an equivalent ratio of 0.48 because of thermal 
choking. When adding the second-staged injection at 
l=131 mm away from the first strut injector, the wall 
pressure in the isolator is similar to that for one stage 
with the equivalence ratio of 0.48. In the meantime, it 
obviously increases wall pressure in the nozzle. In 
order to avoid the shock wave in the isolator, the sec-
ond stage is set backward to l=191 mm. The wall 
pressure in the isolator drops down to similar values 
compared to the case for one stage with the equivalent 
ratio of 0.28. In the nozzle, pressure increases greatly 
due to the additional heat release from the wall injec-
tion of the second stage. 
Figs. 7(b)-(d) show the total pressure loss η p, the 
mixing efficiency ηm and burning efficiency η b as a 
function of the distance. The total pressure loss is de-
fined as  
0,
p
0,inlet
d
1
d
x x x x
x x x
p u A
p u A
ρη ρ= −
∫
∫           (4) 
where ρx is the density in the x-direction, ux the veloc-
ity in the x-direction, Ax the cross-section area in the 
x-direction and p0,inlet the total pressure at inlet. From 
Fig. 7(b), it is obvious for one stage injection that the 
total pressure increases with an increasing equivalent 
ratio from 0.28 to 0.48 due to growing combustion 
losses. The loss caused by combustion is larger than 
that by structures. It can be seen that the total pressure 
loss becomes the maximum when the equivalent ratio 
of first-stage injection is 0.48. At the same equivalent 
ratio of 0.28 for the strut injector, the total pressure 
loss of two-staged case is obviously larger than that of 
one-staged case. But when the distance between two 
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Fig. 7  Comparison between one-staged and two-staged 
injections. 
stages increases, the interaction between two stages is 
weakened and the total pressure loss decreases ac-
cordingly. There is a minimum of the total pressure 
loss at a distance of 191 mm.  
The definitions for the mixing and burning efficien-
cies [17] are as follows:
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∫
∫      (5) 
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m
ρ
η = ∫ ∑ &            (6) 
where φ is a local equivalent ratio and fuel,inm&  the mass 
flow rate of hydrogen injected into the combustor. The 
quantity in the numerator accounts for the fact that 
1 kmol (18 kg) of H2O is produced from the combus-
tion of 1 kmol (2 kg) of H2. An increase of hydrogen 
from the central strut injector results in a decrease of 
mixing efficiency. The burning efficiency decreases 
firstly and then increases downstream of nozzle when 
the equivalent ratio changes from 0.18 to 0.48 for the 
one-staged injection. After adding a second stage, the 
mixing and burning effects between two stage injec-
tions become better than those of one-staged injection. 
The mixing and burning efficiencies decrease and then 
approach downstream of the nozzle after moving the 
second stage backward to l=191 mm. 
From the above discussions, it can be seen that the 
case of two-staged injection with a distance of l= 
191 mm results in a minimum of the total pressure loss 
and good burning efficiency downstream of the nozzle. 
The most important point is that this case can avoid 
shock wave in the isolator and obtain high wall pres-
sures in the nozzle.   
4.3. Different injection angles for the second stage 
injector 
Fig. 8 shows the total pressure loss and the burning 
efficiency for different injection angles, i.e. θ =0°, 15°, 
30°, for a ramp angle of α = 4°, a swept angle of β = 
15.3° and a distance of l=191 mm. When the injection 
is parallel to the mainstream (θ =0°), the total pressure 
loss downstream of the nozzle is less than that for 
other injection angles. There is no big difference of 
total pressure loss for various injection angles. Al-
though parallel injection cannot bring more fuel to the 
mainstream, the burning efficiency for θ =0° is the best 
downstream of nozzle. This can be explained from 
Fig. 9. Hydrogen from a parallel injection is reacted 
intensively near the wall.  
When hydrogen is injected towards the central 
stream at 15° and 30°, there is not enough oxygen to  
 
Fig. 8  Comparison between different injection angles for 
the second-stage injector. 
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Fig. 9  Temperature distribution for different injection 
angles. 
be reacted. Another possible reason is that the diffu-
sion of hydrogen after the parallel injection brings fuel 
into the low-speed region in the boundary layer. 
Therefore, parallel injection possesses the widest high- 
temperature combustion region. 
5. Conclusions 
The comparison between simulation and experiment 
shows that the numerical methods are able to predict 
the characteristics of supersonic combustion. A swept 
ramp injector is chosen as the second-stage wall injec-
tor based on previous research. It combines the first- 
stage strut to form a two-staged injection. 3D reacting 
flow in a staged supersonic combustor is compared 
numerically with that of one-staged injection. Effects 
of different distances between two stages and different 
injection angles on supersonic combustion are investi-
gated. The following results are obtained: 
(1) Swept ramp as a wall injector can generate good 
stream-wise vortices. Hydrogen from the second stage 
consumes the residual oxygen near the wall. The pres-
sure strongly increases due to a heat release after wall 
injection.  
(2) Increasing the distance between the two stages 
can avoid the shock waves in the isolator. A distance of 
l=191 mm results in a minimum total pressure loss and 
good burning efficiency downstream of nozzle. So 
second-stage injection further downstream allows 
more fuel into the combustor without causing thermal 
choking. 
(3) Parallel injection can intensify the combustion 
near the wall. It has a relatively low total pressure loss 
and the highest burning efficiency downstream of the 
nozzle, compared with the other angled injections.  
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